Expression of the intrinsic cellular caspase inhibitor XIAP is regulated primarily at the level of protein synthesis. The 5 0 untranslated region harbours an Internal Ribosome Entry Site (IRES) motif that supports cap-independent translation of XIAP mRNA during conditions of cellular stress. In this study, we show that the RNA-binding protein HuR, which is known to orchestrate an antiapoptotic cellular program, stimulates translation of XIAP mRNA through XIAP IRES. We further show that HuR binds to XIAP IRES in vitro and in vivo, and stimulates recruitment of the XIAP mRNA into polysomes. Importantly, protection from the apoptosis-inducing agent etoposide by overexpression of HuR requires the presence of XIAP, suggesting that HuR-mediated cytoprotection is partially executed through enhanced XIAP translation. Our data suggest that XIAP belongs to the HuR-regulated RNA operon of antiapoptotic genes, which, along with Bcl-2, Mcl-1 and ProTa, contributes to the regulation of cell survival.
Introduction
The X chromosome-linked inhibitor of apoptosis (XIAP) is the prototype member of the inhibitor of the apoptosis family of proteins. XIAP fulfils several distinct roles within the cell, including the modulation of receptor-mediated signal transduction, protein ubiquitination and primarily direct caspase inhibition and thus regulation of cell survival (reviewed in Liston et al., 2003; Dubrez-Daloz et al., 2008) . Although no mutations linking XIAP to oncogenic transformation have been described, elevated levels of XIAP were reported in a number of cancers and have been linked to enhanced chemo and radiation resistance (Tamm et al., 2000 (Tamm et al., , 2004a Holcik et al., 2000b; Yoon et al., 2006; Gu et al., 2009) . The therapeutic potential of targeting XIAP expression has recently been demonstrated in several clinical trials (Schimmer et al., 2005 (Schimmer et al., , 2009 Dean et al., 2007 Dean et al., , 2009 .
Cellular levels of XIAP are regulated by several distinct mechanisms, but the predominant regulation seems to be at the level of translation initiation (Holcik, 2003) . The 5 0 untranslated region (5 0 UTR) of XIAP mRNA harbours an Internal Ribosome Entry Site (IRES) motif that drives efficient XIAP mRNA translation during conditions of cellular stress, when global, cap-dependent translation is compromised (Holcik et al., 1999; Yoon et al., 2006; Gu et al., 2009) . IRES-driven translation of cellular mRNAs has recently emerged as an important regulator of selective translation, in particular under conditions of hypoxia, endoplasmic stress or serum starvation (Holcik et al., 2000a; Holcik and Sonenberg, 2005) . These conditions are often present in tumours, and the IRES-mediated translation of specific mRNAs is required by many cancer cells for their survival (Braunstein et al., 2007; Silvera et al., 2009) . Although the switch from cap-dependent to IRES-dependent translation has been identified (Braunstein et al., 2007) , the precise mechanisms, and the cohort of cellular proteins that contribute to the regulation of IRES-dependent translation, remain unclear.
The XIAP IRES is 162-nucleotide long and forms a distinct RNA structure (Baird et al., 2007) . We have previously characterized the sequence and structural attributes of XIAP IRES (Holcik et al., 1999; Baird et al., 2007) and have begun to elucidate the mechanism that regulates its activity. We and others have identified IRES trans-acting factors (ITAFs), cellular proteins that specifically bind to and regulate XIAP IRES. Interestingly, although some of these factors stimulate XIAP IRES function (La autoantigen (Holcik and Korneluk, 2000) ; hnRNP C1/C2 ; mdm2 (Gu et al., 2009) ), the others repress it (hnRNP A1 ; PTB (Baird et al., 2007) ). However, the nature of the XIAP IRES ribonucleoprotein (RNP) complex and the identities of all XIAP ITAFs remain unknown.
In this work we have used RNA-affinity chromatography with XIAP IRES RNA to identify HuR as a novel XIAP ITAF. We find that HuR binds to XIAP IRES in vitro and is part of a XIAP-IRES-RNP complex in vivo. Furthermore, HuR stimulates translation of the endogenous XIAP mRNA, which contributes to the preservation of cell viability in an etoposidemediated model of cell death.
Results

HuR interacts with XIAP IRES
We have shown that La autoantigen, hnRNP C1/C2, hnRNP A1 and PTB are XIAP ITAFs (Holcik and Korneluk, 2000; Holcik et al., 2003; Baird et al., 2007; Lewis et al., 2007) . We previously used an RNA-affinity chromatography technique to isolate XIAP ITAFs and identified an B37 kDa protein species as hnRNP A1 and Figures 1a and b therein) . We now report that this 37 kDa protein species is in fact a complex mixture of proteins, and in addition to hnRNP A1 we have also detected the presence of the RNAbinding protein HuR by mass-peptide fingerprinting ( Figure 1a ). To confirm that HuR associates with XIAP IRES, we performed RNA-affinity chromatography and subjected the isolated protein sample to western blot analysis using HuR antibodies. We included cIAP1 IRES RNA (Graber et al., 2010) as an affinity matrix to test the specificity of the HuR interaction with XIAP IRES. HuR was detected in the protein eluate from XIAP IRES RNA-affinity matrix, but was not detected in the protein eluate from avidin-agarose beads alone (Figure 1b , compare lane 3 with lane 2). Moreover, HuR does not associate with cIAP1 IRES RNA (Figure 1b , lane 4), demonstrating that HuR does not interact nonspecifically with all IRES (or RNA) sequences. Therefore, HuR specifically associates with XIAP IRES RNA in vitro.
We next assessed whether the endogenous HuR associates with endogenous XIAP mRNA in cells. We immunoprecipitated RNA-protein complexes using HuR antibodies, IgG (negative control) or TIA-1/TIAR (a known RNA-binding protein) from protein extracts in conditions that preserved RNA-protein complexes, as previously described . RNA was isolated from these immunoprecipitates, and complementary DNA (cDNA) was produced by reverse transcription, followed by PCR amplification with XIAP and b-actin coding sequence-specific primers. We were unable to amplify any significant amounts of XIAP from an IgG or TIA-1/TIAR immunoprecipitation ( Figure 1c, lanes 3 and 4) . However, immunoprecipitation with HuR antibodies co-precipitated XIAP mRNA ( Figure 1c , lane 2), confirming that endogenous HuR associates with endogenous XIAP mRNA in cells in vivo. We were unable to amplify the high-abundance b-actin transcript from our immunoprecipitates with either antibody, indicating that our coimmunoprecipitation of XIAP mRNA is specific. Although it has been reported that HuR may associate with b-actin transcript (Dormoy-Raclet et al., 2007) , we were unable to confirm this association.
HuR binds directly to XIAP IRES RNA Our observations that HuR associates with XIAP IRES RNA both in vitro and in vivo suggest that HuR can bind directly to the XIAP IRES sequence. To determine whether HuR binds directly to XIAP IRES RNA, we performed a UV-crosslinking experiment using a radiolabelled XIAP IRES RNA probe and purified recombinant GST-HuR. Increasing amounts of recombinant GST-HuR were incubated with [ 32 P]-labelled XIAP IRES RNA, followed by UV-crosslinking and separation by sodium dodecyl sulphate-PAGE (SDS-PAGE). We find that XIAP IRES RNA is crosslinked to GSTHuR in vitro in a dose-dependent manner (Figure 1d ), indicating that HuR does indeed bind directly to XIAP IRES RNA. We further wished to determine the binding site of HuR within the XIAP IRES sequence. Therefore, we mapped the binding site of HuR using competitor oligonucleotides as described previously (Holcik and Korneluk, 2000) . Two competitors, 68-88 and 115-135, which consist of sequences that are located near the central core of domain I of XIAP IRES, compete for binding to GST-HuR (Figure 1e ). Although HuR was initially shown to bind the 5 0 -AUUUA-3 0 sequence (Myer et al., 1997) , the HuR consensus-binding site was later refined as 5 0 -NNUUNNUUU-3 0 , which must be presented as a single-stranded RNA (Meisner et al., 2004) . Interestingly, although both single-stranded competitor oligonucleotides contain such a sequence and thus compete effectively for HuR binding, this sequence is single stranded only in domain Ib of XIAP IRES (Figure 1e, , indicating that HuR binds this region of the IRES sequence. However, our data also raise the possibility that a second potential HuR-binding site exists within the XIAP IRES (the double-stranded stem of domains Ic and Ia; competitor 68-88), which could be used if the XIAP IRES undergoes structural remodelling.
HuR contains three RNA recognition motifs (RRM), of which RRM1 and RRM2 are involved in RNA binding, whereas RRM3 is needed for cooperative assembly of HuR oligomers on RNA but contributes minimally to RNA binding (Fialcowitz-White et al., 2007) . We tested, using UV-crosslinking experiments with deletion mutants of HuR (Mazroui et al., 2008) , whether this is also the case with binding of HuR to XIAP IRES. Purified AP-HuR-GST (full-length HuR), AP-HuR(CP1)-GST (containing RRM1 and RRM2) or AP-HuR(CP2)-GST (containing RRM3) were incubated with [ 32 P]-labelled XIAP IRES RNA, followed by UV-crosslinking and separation by SDS-PAGE. We find that RRM1 and RRM2 are required for HuR binding to XIAP IRES (Supplementary Figure 1A) , indicating that the mechanism of HuR binding to XIAP IRES RNA is similar to other HuR target RNAs. In addition, we tested the ability of these deletion constructs to modulate XIAP IRES activity (see below).
Cellular levels of HuR modulate XIAP IRES activity
We have shown that HuR interacts with XIAP IRES both in vitro and in vivo, suggesting that HuR may control XIAP IRES function. We therefore examined whether modulating levels of HuR, either by overexpression or by knockdown by small interfering RNA (siRNA), have any effect on the activity of XIAP IRES. To assess XIAP IRES activity, we used a previously characterized bicistronic reporter plasmid containing the minimal XIAP IRES element (pbgal/(-162)/CAT; (Holcik et al., 1999) ). In this construct, expression of the first cistron (b-gal) is cap dependent, whereas expression of the second cistron (CAT) is driven by XIAP IRES. By calculating the ratio of CAT expression to b-gal expression, the relative IRES activity can be determined. HEK293T cells were transiently co-transfected with pbgal/(-162)/CAT bicistronic reporter plasmid and with either a GFP-or a GFP-HuR-expressing plasmid. We found that overexpression of GFP-HuR caused an B3-fold increase in XIAP IRES activity compared with that of a GFP control (Figure 2a ), suggesting that HuR has a positive effect on XIAP IRES function. Similarly, we tested the deletion mutants of HuR for their ability to enhance XIAP IRES activity. We find that, as seen in the UV-crosslinking experiments (Supplementary Figure  1A) , only those HuR constructs that bind XIAP IRES in vitro are able to also modulate XIAP IRES activity in transfected cells (Supplementary Figure 1B) . Conversely, we tested the effect of HuR knockdown on XIAP IRES activity. HEK293T cells were reverse transfected with either HuR-targeting siRNA or a non-silencing control siRNA. After 24 h, the cells were transfected with pb-gal/(-162)/CAT bicistronic reporter plasmid and reporter protein levels were assayed 24 h after this second transfection. We found that reducing the levels of HuR resulted in an B50% reduction in XIAP IRES activity compared with a non-silencing control (Figure 2b ). These observations suggest that HuR possesses stimulatory ITAF activity for the XIAP IRES. An alternative explanation for our observations could be that HuR affects the integrity of the reporter bicistronic RNA transcript, thus altering the ratio of CAT to b-gal protein. Therefore, we determined the effect of modulating HuR levels on the integrity of the b-gal/(-162)/CAT bicistronic RNA transcript using quantitative reverse transcriptase-PCR as described previously . Total RNA was isolated from transfected cells and complementary DNA was produced by reverse transcription. Quantitative PCR was performed using primers that amplify a portion of the b-gal coding region and a portion of the CAT coding region. As shown in Figure 2c , the ratio of CAT and b-gal cistrons was unchanged in cells, irrespective of the status of HuR expression.
Cellular levels of HuR modulate translation of endogenous XIAP mRNA
We have shown that HuR binds to and positively regulates XIAP IRES activity. We next examined whether cellular levels of HuR affect the translation of endogenous XIAP mRNA. HEK293T cells were transiently transfected with either a GFP-or GFP-HuRexpressing plasmid, and the levels of endogenous XIAP were determined by western blot analysis 24 h after transfection. We found that overexpression of GFPHuR caused an B2-fold increase in XIAP protein levels compared with that of a GFP control (Figure 3a) , without a concomitant increase in XIAP mRNA levels (Figure 3b) . In a converse experiment, HEK293T cells were transfected with either HuR-targeting or nonsilencing control siRNA and the levels of XIAP protein were determined 48 h later by western blot analysis. We found that reducing the levels of HuR by siRNA resulted in B50% reduction in XIAP protein levels compared with a non-silencing control (Figure 3c ), while having no effect on XIAP mRNA levels ( Figure 3b suggesting that HuR is a positive regulator of XIAP translation by modulating XIAP IRES function.
To further demonstrate that HuR indeed affects the translation of endogenous XIAP mRNA, we used polysomal profiling to examine the association of XIAP mRNA with translating ribosomes in cells that overexpress HuR. We observed that overexpression of HuR resulted in a slight loss of heavy polysomes and an increase in monosomes (Figure 3d) , indicating a repression of global protein synthesis. This observation was rather surprising, as HuR is not known to affect global rates of protein synthesis. Nevertheless, reverse transcriptase-PCR amplification of XIAP mRNA from individual fractions showed that, despite the reduction in global protein synthesis, XIAP mRNA is recruited into the heavier polysomes in HuR-overexpressing cells, confirming that the translation of XIAP mRNA is enhanced by HuR. ), and the ratio for GFP-or CTRL siRNA-transfected cells was set as 1. Mean ± s.e.m (bars) of three independent experiments. (c) HEK293T cells were transfected with 100 nM non-silencing control (CTRL) or HuR-targeting siRNA; after 48 h the expression levels of HuR and XIAP were determined by western blot analysis using anti-HuR and anti-XIAP antibodies. The representative blot is shown on the left. Densitometric analysis of three independent experiments is shown on the right. The expression of XIAP relative to Nucleolin in GFP-transfected cells was set as 1. Mean ± s.e.m (bars). (d) Overexpression of HuR enhances translation of XIAP mRNA. HEK293T cells were transfected with a plasmid expressing GFP or GFP-HuR and polysomal profiling was performed 24 h later. Representative RNA profile (indicated by absorbance at 254 nm) is shown on top for GFP-and GFP-HuR-transfected cells. Individual fractions were probed for the presence of XIAP mRNA by qPCR, which is shown as the percentage of distribution of specific XIAP mRNAs relative to GAPDH mRNA across the gradient (LMWP-low-molecular-weight polysomes; HMWP-high-molecular-weight polysomes). Mean ± s.e.m (bars) of three independent experiments.
HuR and XIAP IRES D Durie et al
HuR-mediated induction of XIAP protects cells from etoposide-induced cell death
We have shown that increased levels of HuR stimulate translation of XIAP mRNA, resulting in increased XIAP protein expression. As XIAP is a potent inhibitor of apoptosis, and as the cellular levels of HuR were shown to be regulated by a variety of cellular stress events, we wished to investigate whether the HuRmediated increase in XIAP offers protection against cell death. HEK293T cells were reverse transfected with siRNA targeting XIAP or a non-silencing scrambled control and 24 h later with either a GFP-or a GFP-HuR-overexpressing plasmid. At 24-h post transfection, cells were treated with increasing doses of etoposide and the viability of cells was determined 24 h later by Alamar blue assay. As expected, we observed that treatment of GFP-transfected cells with etoposide resulted in a significant amount of cell death. In contrast, cells overexpressing HuR were protected against etoposide-induced cell death (Figure 4 ). Importantly, siRNA-mediated knockdown of XIAP abolished the protective effect of HuR overexpression. These results indicate that the induction of XIAP expression through HuR contributes to protection against cell death.
Discussion
IRES-dependent translation initiation of cellular mRNAs has emerged as an important regulatory step in finetuning cellular response to distinct physiological conditions. Yet the precise mechanism of how cellular IREScontaining mRNAs engage the ribosomal machinery, and the mechanisms by which this process is regulated, remains unclear. In this work we have identified HuR as a novel XIAP IRES trans-acting factor. We show here that HuR binds to XIAP IRES RNA in vitro and is associated with XIAP mRNA in cells. Furthermore, we show that HuR stimulates both XIAP IRES activity as well as translation of endogenous XIAP mRNA, and thus contributes to enhanced cytoprotection through elevation of XIAP protein levels. The role of HuR in the posttranscriptional regulation of XIAP expression was reported recently . It was shown that HuR binds to the XIAP coding region and to the 3 0 UTR to stabilize XIAP mRNA, thus contributing to increased expression of XIAP protein. In our experimental system (HEK293T cells), we did not observe any stabilization effect of HuR on XIAP mRNA (Figure 3b ). In contrast, we observed that increased levels of HuR enhance the recruitment of XIAP mRNA into heavier polysomes, suggesting that HuR affects the translation of XIAP mRNA. Indeed, using reporter constructs, we show that HuR functions as a positive regulator of XIAP IRES activity.
HuR, a member of the ELAV family of RNA-binding proteins, is a multifunctional protein that has been implicated in the regulation of various aspects of RNA metabolism (Hinman and Lou, 2008) . Although primarily known for binding to the 3 0 UTRs of mRNAs and increasing their intrinsic stability, several recent reports identified HuR as a bona fide translational regulator as well. We have shown previously that HuR enhances translation of HIF1a in response to treatment with the hypoxia mimetic CoCl 2 (Galban et al., 2008) . Interestingly, although HIF1a translation is constitutively enhanced by HIF1a IRES, HuR does not function through this IRES, but rather stimulates HIF1a translation in concert with another RNA-binding protein, PTB, which binds the 3 0 UTR of HIF1a. In contrast, HuR was shown to directly regulate translation of viral as well as some cellular IRES elements. Although the effect of HuR on RNA stability is invariably to increase it, with the exception of HCV IRES, the consequence of HuR binding to the IRES is to repress its translation (Kullmann et al., 2002; Meng et al., 2005; Yeh et al., 2008; Rivas-Aravena et al., 2009) . Although the mechanism of how HuR represses IRESdependent translation is not clear, it has been suggested that, in some cases, such as with the p27(Kip1) IRES, the binding of HuR to the IRES may block ribosome entry (Coleman and Miskimins, 2009 ). In contrast, we find that XIAP IRES activity and XIAP mRNA translation are both stimulated by HuR. We have previously identified both positive (hnRNP C1/C2 ; La (Holcik and Korneluk, 2000) ) and negative (hnRNP A1 (Lewis et al., 2007) ; PTB Figure 4 Overexpression of HuR protects cells against etoposideinduced cell death in a XIAP-dependent manner. HEK293T cells were reverse transfected with a non-silencing control (CTRL) or XIAP-targeting siRNA and 24 h later with a plasmid expressing GFP or GFP-HuR. At 24-h post-transfection, the cells were treated with indicated doses of etoposide for 24 h and cell viability was determined by an Alamar blue assay. Mean±s.e.m (bars) of two independent experiments performed in triplicate (*Po0.05, **Po0.01; unpaired t-test). The expression levels of XIAP and HuR were assessed by western blot analysis using anti-HuR and anti-XIAP antibodies, and a representative blot is shown above the graph. (Baird et al., 2007) ) modulators of XIAP IRES activity. Although we do not fully understand how distinct ITAFs regulate XIAP IRES function, we envision that the binding of ITAFs to XIAP IRES is required for structural remodelling of IRES so that it is amenable to ribosome recruitment.
XIAP is a member of the family of the intrinsic inhibitors of apoptosis (IAP) proteins. Although a number of divergent cellular functions are regulated by XIAP, its primary role in the cell seems to be caspase inhibition (Dubrez-Daloz et al., 2008) . Importantly, increased expression of XIAP is seen in a number of human cancers and correlates with enhanced chemo or radiation resistance (Tamm et al., 2000; Holcik et al., 2000b; Pardo et al., 2003; Wilkinson et al., 2004) . We find that overexpression of HuR markedly preserves the viability of cells treated with etoposide in a XIAPdependent manner. In this respect, it is interesting to note that HuR was proposed to orchestrate an antiapoptotic cellular program (Abdelmohsen et al., 2007) . mRNAs of several key members of the cellular apoptotic network are known targets of posttranscriptional regulation by HuR, either by affecting their stability or translation, and for the most part HuR enhances expression of the antiapoptotic molecules and represses expression of the proapoptotic molecules. Indeed, numerous reports have established a link between elevated levels of HuR and cancer. For example, the expression of HuR correlates with malignancy and poor clinical outcome in breast (Denkert et al., 2004b; Heinonen et al., 2005; Heinonen et al., 2007) , ovarian (Denkert et al., 2004a; Erkinheimo et al., 2005) and colorectal (Denkert et al., 2006; Yoo et al., 2009) cancers. Our data suggest that caspase inhibitor XIAP is also a member of the antiapoptotic program that is orchestrated by HuR, and, along with additional antiapoptotic proteins such as Bcl-2 (Abdelmohsen et al., 2007), ProTa (Lal et al., 2005) and Mcl-1 (Abdelmohsen et al., 2007) , contributes to HuR-mediated protection against cell death.
Materials and methods
Cell culture, expression constructs and transfection Human embryonic kidney (HEK293T) cells were maintained in standard conditions in serum-and antibiotic-supplemented Dulbecco's modified Eagle's medium (DMEM). The bicistronic reporter plasmid pb-gal/5 0 (-162)/CAT has been described previously (Holcik et al., 1999) and contains the minimal functional region of the human XIAP IRES. The 6myc-XIAP, GFP-HuR, GFP-HuR(CP1), GFP-HuR(CP2), GST-HuR, Ap-HuR-GST, AP-HuR(CP1)-GST and AP-HuR(CP2)-GST expression plasmids have been described previously (Liston et al., 1996; Mazroui et al., 2008) . Transient transfections were performed using LipofectAMINE 2000 according to the protocol provided by the manufacturer (Invitrogen, Carlsbad, CA, USA). Cells were seeded at a density of 5 Â 10 5 cells per well in six-well plates and were transfected after 24 h with 2 mg of plasmid DNA per well. Cells were collected for analysis at 24-h post transfection. siRNA transfections were performed using RNAifect according to the protocol provided by the manufacturer (Qiagen, Valencia, CA, USA). Briefly, cells were seeded at a density of 5 Â 10 5 cells per well in six-well plates and were transfected after 24 h in serum-free D-MEM with a 100 nM final concentration of HuR siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or a non-silencing control siRNA (Qiagen). Cells were collected for analysis at 48-h post transfection.
RNA-affinity chromatography
Isolation of XIAP IRES-binding proteins was performed using an RNA-affinity chromatography protocol as described . Briefly, XIAP IRES RNA and cIAP1 IRES RNA were transcribed in vitro with the MEGAShortscript transcription kit according to the manufacturer's protocol (Ambion, Austin, TX, USA), and were biotinylated at the 5 0 end with the 5 0 EndTag Nucleic Acid Labeling System according to the manufacturer's instructions (Vector Laboratories, Burlington, ON, Canada). The biotinylated RNAs (60 mg) were conjugated to avidin-agarose beads (Sigma, St Louis, MO, USA) in the presence of incubation buffer (10 mM Tris-Cl (pH 7.4), 150 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 0.5 mM phenylmethylsulphonyl fluoride, 0.05% [v/v] Nonidet P-40) at 4 1C for 2 h with continuous rotation. Unbound RNAs were removed by washing beads twice with incubation buffer. A measure of 2 mg of HEK293T protein extract (in incubation buffer) was added to the coated beads, along with 120 mg of yeast tRNA (Sigma) and 800 units of Prime RNase inhibitor (Eppendorf, Mississauga, ON, Canada). Reactions were incubated at room temperature with continuous rotation for 30 min, followed by incubation at 4 1C with continuous rotation for 2 h. Beads were washed five times with incubation buffer, resuspended in 50 ml of 1 Â SDS-PAGE loading dye and boiled for 5 min to elute bound proteins. Proteins were separated by 10% SDS-PAGE and visualized using Sypro Ruby stain (Genomic Solutions, Mannedorf, Switzerland). Protein bands were excised and identified by in-gel trypsin digestion and mass peptide fingerprinting at the Protein Function Discovery Centre (Queen's University, Kingston, ON, Canada).
RNA-protein complex immunoprecipitation
In vivo crosslinking and co-precipitation of RNA-protein complexes were performed as described previously . Crosslinked RNA-protein complexes were immunoprecipitated using anti-HuR (Santa Cruz Biotechnology) or anti-TIA-1/TIAR (clone 3E6; generous gift from P Anderson) antibodies at 1:50 dilution. Following immunoprecipitation and crosslink reversal, RNA was isolated using Trizol reagent following the manufacturer's protocol (Invitrogen). cDNA was generated from the isolated RNA using an oligo dT 18 primer and Superscript II (Invitrogen). The partial coding sequences of XIAP and b-actin were PCR amplified from the resulting cDNA using primers 5 0 -GCGGTGCTTTAGTTGT CAT-3 0 (XIAP forward), 5 0 -TCGGGTATATGGTGTCTGA TA-3 0 (XIAP reverse), 5 0 -CTGGAACGGTGAAGGTGACA-3 0 (b-actin forward) and 5 0 -AAGGGACTTCCTGTAACAATG CA-3 0 (b-actin reverse). PCR products were visualized on a 1.5% agarose gel by ethidium bromide staining.
UV-crosslinking of RNA-protein complexes RNA-protein UV-crosslinking experiments and oligonucleotide competition experiments were conducted as previously described Lewis et al., 2007) .
b-galactosidase and CAT analysis
Transiently transfected cells were washed in 1 ml of phosphatebuffered saline and harvested in 300 ml CAT ELISA kit lysis buffer according to the protocol provided by the manufacturer (Roche Molecular Biochemicals, Indianapolis, IN, USA). b-galactosidase (b-gal) enzymatic activity was determined by spectrophotometric assay using o-nitrophenyl-b-D-galactopyranoside as previously described (MacGregor et al., 1991) . CAT levels were determined using the CAT ELISA kit according to the protocol provided by the manufacturer (Roche Molecular Biochemicals). Relative IRES activity was calculated as the ratio of CAT/b-gal.
Western blot analysis Cells were washed in 1 ml phosphate-buffered saline and lysed in 150 ml RIPA buffer for 30 min at 4 1C, followed by centrifugation at 12 000 Â g for 10 min to pellet debris. Protein concentration was assayed by the BCA Protein Assay Kit (Pierce, Rockford, IL, USA) and equal amounts of protein extract were separated by 10% SDS-PAGE and transferred to PVDF or nitrocellulose membranes. Samples were analysed by western blotting using mouse monoclonal anti-HuR (Santa Cruz Biotechnology), rabbit polyclonal anti-XIAP (AEgera, Montreal, QC, Canada), mouse monoclonal anti-Nucleolin (Santa Cruz Biotechnology) or rabbit polyclonal anti-GST antibodies, followed by secondary antibody (horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG; Amersham Biosciences). Antibody complexes were detected using the ECL or ECL Plus systems (Amersham Biosciences, Uppsala, Sweden) and were quantified using Odyssey densitometry software (LiCor, Lincoln, NE, USA).
Quantitative RT-PCR analysis Total RNA was isolated from transfected cells using the Absolutely RNA miniprep kit according to the manufacturer's instructions (Stratagene, Santa Clara, CA, USA). cDNA was generated using an oligo dT 18 primer and the Bulk 1st-Strand Synthesis kit according to the protocol provided by the manufacturer (Amersham Biosciences). The synthesized cDNA was used as the template for quantitative PCR using the QuantiTect SYBR Green PCR kit (Qiagen) and analysed on a Stratagene M Â 3005P real-time thermocycler. Relative expression levels were determined using the standard curve method. Controls lacking RT demonstrated no significant genomic DNA amplification (410 cycle difference). Quantitative PCR reactions were carried out to detect b-gal (forward: 5 0 -ACTATCCCGACCGCCTTACT-3 0 ; reverse: 5 0 -CTGTAG CGCTGATGTTGAA-3 0 ), CAT (forward: 5 0 -GCGTGTTAC GGTGAAAACCT-3 0 ; reverse: 5 0 -GGGCGAAGAACTTGTC CATA-3 0 ), XIAP (forward: 5 0 -GCGGTGCTTTAGTTGTCA T-3 0 ; reverse: 5 0 -TCGGGTATATG GTGTCTGATA-3 0 ) or GAPDH (forward: 5 0 -ACAGTCAGCCGCATCTTCTT-3 0 ; reverse: 5 0 -ACGACCAAATCCGTTGACTC-3 0 ).
Polysome profiling HEK293T cells from three 15-cm plates per condition were lysed in cold polysome lysis buffer (15 mM Tris-HCl, pH7.4, 15 mM MgCl2, 300 mM NaCl, 1%(v/v) Triton X-100, 0.1 mg/ml cycloheximide, 100 U/ml RNasin). Equal OD254 units were loaded onto 10-50% linear sucrose gradients and centrifuged at 39 000 r.p.m. for 90 min at 4 1C. Gradients were fractionated from the top (Densi-Flow, Labconco, Kansas City, MO, USA) and RNA was monitored at 254 nm using an HPLC system (Å kta Explorer, GE Biosciences, Uppsala, Sweden). A volume of 1-ml of fractions was collected and flash frozen in liquid nitrogen. After thawing on ice, the fractions were spiked with 10 ml of a 10 ng per ml solution of in vitro-transcribed CAT RNA to ensure technical consistency in RNA extraction. RNA was isolated from individual fractions by proteinase K digestion, followed by phenol/chloroform extraction, and was recovered by ethanol precipitation. Equal volumes of RNA from each fraction were used to generate cDNA using oligo-dT primers and a reverse transcription kit (First-Strand cDNA synthesis kit, GE Biosciences). PCR primers specific for XIAP isoforms, CAT or GAPDH, were used to amplify messages using quantitative PCR as described above.
Cell viability HEK293T cells were transfected with 2 mg of either GFP-or GFP-HuR-expressing plasmids, and with 100 nM final concentration of XIAP siRNA (Santa Cruz Biotechnology) or a non-silencing control siRNA (Qiagen) as described above. At 24-h post transfection, cells were treated with indicated doses of etoposide. Cell viability was determined 24 h later by Alamar blue assay according to the protocol provided by the manufacturer (Invitrogen). Statistical analysis was performed by GraphPad Prism 5 (San Diego, CA, USA, www.graphpad. com) software.
